ABSTRACT Intramuscular fat is important in improving meat quality; however, the lack of high-purity intramuscular preadipocyte (IMP) in vitro has severely limited the in-depth research on the mutual regulation of myocytes and adipocytes in chicken. In this study, we establish a new method by combining the mature adipocyte ceiling method and the transwell co-culture system. Mature intramuscular adipocyte (MIA) and muscle satellite cell (MSC) were obtained from digested pectoralis major, and MIAs were transformed into IMPs by dedifferentiation with ceiling culture. MSCs were then purified by differential adhesion for 2 h. The results by inverted-microscope observation, MTT assay, Oil Red O staining, and q-PCR revealed that the de-differentiated cells from MIA were identified as the IMPs, and had the same the cellular morphology, the capacity on differentiation, proliferation and passage with the abdominal fat preadipocytes (P > 0.05).
INTRODUCTION
Intramuscular fat (IMF) represents deposited lipid in intramuscular adipocytes, which is distributed in the epimysium, perimysium, and endomysium of the muscle tissue. The IMF content (mass of intramuscular fat as a percentage of muscle tissue weight) within a certain range would help to the improvement of meat quality, not only the sensory quality but also the flavor, tenderness and water retention (Haunerland and Spener, 2004; Okeudo and Moss, 2005; Suzuki et al., 2005; Zhao et al., 2007) . It was shown that the important interaction between myocytes and adipocytes could maintain the tissue proportion (Bonnet et al., 2010; Komolka et C Li et al., 2014) . The increase of IMF content would been regulated by the myocytes, and the research on the interaction between myocytes and adipocytes is required to increase the IMF content.
However, the difficulty of acquisition of high-purity intramuscular preadipocyte (IMP), as the important form of adipocytes before differentiation, had limited in-depth research. Unlike livestock IMF, chicken IMF does not exhibit marbling. Nearly invisible chicken IMF occurs in small proportions and is unevenly distributed in the muscular tissue, so that intramuscular adipose tissue cannot be obtained directly through the digestion of marbling from muscle tissue (Hausman and Poulos, 2004) .
As is well known, the abdominal fat tissue mainly consists of adipocytes, and the muscular tissue is mainly composed of myocytes and several intramuscular adipocytes. Using the traditional method with collagen digestion, the isolated abdominal fat preadipocytes 3691 could exhibit the higher purity, but the digestive cells from the muscular tissue were the mixture of mainly IMP and muscle satellite cell (MSC), which have the same morphological appearance (Sun et al., 2013) . So sufficient and high-purity IMPs of chicken are difficult to acquire, the used preadipocyte were resourced from the abdominal fat tissue (Wang et al., 2008; Huang et al., 2015) and cannot actually represent the IMPs.
In this study, we establish a new method on the interaction between myocytes and adipocytes in muscle tissue of chicken by combining the mature adipocyte ceiling method and the transwell co-culture system. Our results would overcome the technical bottleneck of high-purity IMP acquisition, and advance the research on the mutual regulation between muscle and adipose tissue in chicken.
MATERIALS AND METHODS

Animal and Cell Acquisition
Ten-day-old Beijing-You chickens were obtained from the Institute of Animal Sciences, Chinese Academy of Agricultural Sciences (Beijing, China). After the birds were sacrificed, their pectoralis major muscles and abdominal fat tissues were excised to conduct cell isolation. Mature intramuscular adipocyte (MIA) and MSC from the pectoralis major muscle and abdominal fat preadipocyte (AFP) from abdominal fat tissue were used as described in a previous method (Bai et al., 2012; Shang et al., 2014) . IMPs were obtained by ceiling culture (Zhang et al., 2000; Fernyhough et al., 2005; Matsumoto et al., 2008; Sun et al., 2013) . The main protocol was as follows:
The pectoralis major was washed 2 times with phosphate-buffered saline (PBS) containing 1% penicillin-streptomycin. After the blood vessels and connective tissue were removed, the sample was finely minced to 1 mm 3 with the use of a pair of scissors. The samples were then digested in Dulbecco's modified Eagle's medium (DMEM)/F12(1:1) containing 0.1% Type I collagenase in a water bath, with continuous shaking at 37
• C for 60 min. After digestion was terminated, the cell suspension was filtered and centrifuged with 600 g for 15 min. The rock-bottom cell precipitation was re-suspended with DMEM/F12(1:1) medium containing 10% FBS and then seeded in a 100-mm dish. After cells were incubated with a 5% CO 2 at 37
• C for 2 h, the medium containing unattached cells was transferred to a new dish, and purified MSCs were obtained.
The top mature adipocytes were collected and placed into a 25 cm 2 cell culture flask, and the flask was completely filled with DMEM/F12(1:1) medium containing 10% fetal bovine serum (FBS) and inverted to keep the floating mature adipocytes adhering the bottom of the flask in a 37
• C incubator with 5% CO 2 . After 3 to 5 d, the MIAs gradually released lipid by exocytosis, and then the medium was replaced and the flask was re-inverted to allow the proliferation of preadipocytes.
Immunofluorescent Staining
As recently described (Yu et al., 2015) , the MSCs were first fixed with 4% paraformaldehyde in PBS and permeabilized for 10 min in 0.5% Triton X-100 in PBS at room temperature. Cells were incubated with the specific anti-PAX7 (Bioss, Beijing, China) as indicated at room temperature for 1 h. The cells were then counterstained with DAPI (Invitrogen, Carlsbad, CA) and visualized with fluorescent microscopy.
Passage Capacity Assay
For every passage, the IMPs were subcultured when 80% confluence was reached, after the cells had been adherent for 24 h, and the cell morphology was observed using the inverted microscope (200 ×). The occurrence of abnormal cell morphology was considered as the critical point of passage capacity of IMPs, and the passage numbers of IMPs and AFPs were recorded.
Oil Red O Staining Assay
After 100% confluence was reached, the secondpassage (P2) IMPs and/or AFPs treated with differentiation at different stages (24, 48, 72, 96 h) , and the single-cultured or co-cultured P2 IMPs with P2 MSCs for 96 h. The lipid content in IMPs was determined by Oil Red O staining. Staining was conducted with slight modifications as the previously described method (Rizzatti et al., 2013) . The cell medium was discarded, washed 3 times with PBS, and fixed with 4% formalin for 30 min. Subsequently, the cells were washed 3 times with PBS and stained with Oil Red O for 60 min. Oil Red O was then discarded and washed 3 times. After water evaporated, isopropanol was added to extract the Oil Red O stain for 10 min, and the absorbance values of the solutions were measured using the microplate reader at 510 nm.
Methyl Thiazolyl Tetrazolium (MTT) Assay
The P2 cells were cultured in a 96-well plate with the original 15% confluence at different times, and 20 μL methyl thiazolyl tetrazolium (MTT, 5 mg/mL) was added in each well with 180 μL medium at 37
• C for 4 h. After the medium was fully discarded, 180 μL DMSO was added in each well for 10 min. The absorbance values of the solutions were measured using the microplate reader at 490 nm.
Cell Co-culture
Both P2 IMPs and MSCs were selected to establish the co-culture system. Subsequently, 1 × 10 5 /mL cells were seeded in plates (i.e., IMPs) or inserts (i.e., MSCs) with a 0.4 μm porous membrane from a 6-well transwell chamber (Corning Incorporated, Corning, NY). Cells were cultured with DMEM/F12 containing 10% FBS. After the IMPs reached 100% confluence and the MSCs reached 20% or 100% confluence to simulate the physiological status of proliferation or non-proliferation, the IMPs and MSCs were co-cultured in a 6-well transwell chamber. The single-cultured IMPs were used as the control. The medium was replaced daily to ensure sufficient nutrient. The experiment was replicated in 3 wells.
Real-time Quantitative PCR
After IMPs were single-cultured or co-cultured for at 96 h, total RNA was extracted, and 1 μg total RNA was reverse-transcribed into cDNA. The mRNA expression levels of genes related to lipid metabolism, such as peroxisome proliferator-activated receptor γ (PPARγ), fatty acid-binding protein 4 (FABP4), lipoprotein lipase (LPL), fatty acid synthase (FASN), acetyl-CoA carboxylase (ACC), and carnitine palmityltransferase-1B (CPT-1B) were detected. The specific primers were listed in Table 1 . Real-time quantitative polymerase chain reaction (q-PCR) was employed using SYBR Green PCR Master Mix (ABI) in the ABI Prism 7500 System (Carlsbad, CA) under the following conditions: 95
• C for 3 min for 1 cycle, followed by 40 cycles at 95
• C for 3 s and then at 60
• C for 32 s. q-PCR was performed in triplicate with standard deviations of threshold cycle (CT) values not exceeding 0.5.
Statistical Analyses
Statistical differences between groups were evaluated using Student's t-test. P < 0.05 ( * ) or 0.01 ( * * ) was 
RESULTS
Cells Acquisition and Identification
After obtained from the pectoralis major and seeded in inverted flasks for 2 d, the lipid-filled MIAs attached to the upper surface of the flasks. The cells would gradually dedifferentiate and exhibit a spindle-shaped morphology after 3 d, and then the cells would enter a proliferative phase ( Figure 1A ).
Microscopy and Oil Red O staining were employed to identify whether these dedifferentiated cells were preadipocytes. Both dedifferentiated cells and AFPs of chicken exhibited the same spindle-shape morphology ( Figure 1B ) before differentiation. With differentiation, these cells gradually exhibited a round structure, and lipid droplets in cells appeared and became bigger ( Figure 1C ). Oil Red O staining results indicated that lipid deposition in cells that underwent differentiation significantly increased (P < 0.01) relative to that in control cells (i.e., with no differentiation) ( Figure 1D ). With the source, morphology, and differentiation ability of cells considered, converted cells from mature adipocytes were identified as chicken IMPs.
The obtained MSCs were the mixture with a small amount of preadipocytes and other cells. As shown in Figure 1E , the identification of MSCs purity by immunofluorescent staining revealed that the purity of MSCs had reached to higher level After removed impurity cells for 2 h, and completely met the experimental requirements in this study.
Differentiation Capacity of IMPs
To investigate the applicability of the obtained IMPs, the differentiation capacities of chicken IMPs and AFPs with the same cell density were compared. After the cells from the 2 groups were treated with differentiation for 96 h, the results by Oil Red O staining indicated that lipid content was slightly higher in IMPs than in AFPs at the same time from the beginning of culture to 96 h, but no significant difference was found (P > 0.05) (Figure 2A ). In addition, after cultured for 96 h, the mRNA levels of genes related to preadipocyte differentiation (PPARγ, LPL and FABP4) had no significant difference between IMPs and AFPs (P > 0.05) ( Figure 2B ).
Proliferation and Passage Capacity of IMPs
The proliferation capacity of the IMPs was also measured by MTT assay. In Figure 3A , the IMPs were in a multiplication phase from 12 h to 72 h, and the number of cells of any 2 time points indicated a significant difference (P < 0.05 or P < 0.01). Cells then entered the stationary phase after culture for 72 h. In addition, the proliferation capacities of IMPs and AFPs at 15% confluency were also compared. The results indicated that IMPs exhibited the same growth curve as the AFPs, and the cell number of the 2 groups at the same time point showed no significant difference (P > 0.05) ( Figure 3B ). The passage capacities of IMPs and AFPs were also analyzed. Until to passage 7, the cellular morphology of both IMPs and AFPs would become abnormal ( Figure 3C ), revealing the same passage capacity between IMPs and AFPs.
Establishment of the Co-culture System of MSCs and IMPs
To verify the effectiveness of the co-culture system of MSCs and IMPs, the regulation of MSCs on IMPs were focused in this study. After IMPs (100% confluency) were co-cultured with MSCs at different confluencies (20% or 100%) for 96 h, the results by Oil Red O staining indicated that lipid content in the IMPs co-cultured with MSCs at 100% confluency was significantly higher (P < 0.05) than that in single-cultured IMPs. However, the lipid content in the IMPs co-cultured with MSCs at 20% confluency was significantly lower (P < 0.05) than that in the single-cultured IMPs ( Figure 4A) . Further, the mRNA levels of related genes (PPARγ, FABP4, 
LPL, FASN, ACC and CPT-1B)
were also detected in the same samples. Compared with the single-cultured IMPs, these 6 genes in 2 different co-cultured IMPs showed significantly regulated expression levels (P < 0.05 or P < 0.01) ( Figure 4B and C) . Changes in the expression levels of PPARγ, FABP4, LPL, FASN, and ACC exhibited the same pattern as that of the lipid content. However, the expression level of CPT-1B showed the opposite pattern.
DISCUSSION
The physiological factors of IMF in chicken limited the acquisition of high-purity IMPs. Moreover, in-depth research on the mutual regulation of myocytes and intramuscular adipocytes has been severely hampered by the technical bottleneck in IMP acquisition. To advance the research on the interaction between myocytes and adipocytes of chicken, we solved the technical bottleneck on high-purity IMP acquisition of chicken, and established the co-culture system of IMPs and MSCs in this study.
By traditional collagen digestion method (Bai et al., 2012; Shang et al., 2014) , pectoralis major was digested and obtained the MIAs and MSCs. Using a method of the transitorily culturing for 2 h , the impurity cells which mixture in the obtained MSCs were removed, and the result by immunofluorescence confirmed the purity of MSCs. The obtained MIAs were dedifferentiated to transform into IMPs by ceiling culture (Zhang et al., 2000; Fernyhough et al., 2005; Matsumoto et al., 2008; Sun et al., 2013) . Inverted-microscope observation showed that the dedifferentiated cells possessed the cell morphology of preadipocytes. The results by Oil Red O staining revealed that the dedifferentiated cells could deposit the lipid, and the mRNA levels of related genes also had the same change. So it was identified that the dedifferentiated cells from MIA were the IMPs.
The abdominal fat tissue consists of adipocytes, connective tissue cells, and so on. The isolated abdominal preadipocytes can contain other impurity cells cells (Zhang et al., 2017) , but the IMPs had the higher purity because of completely obtaining from MIA, which was separated with other cells for the lower density. After cell differentiation for 96 h, the lipid content was slightly higher in IMPs with differentiation than with no differentiation, but no significant difference was indicated. These findings confirmed that the obtained IMPs were purer than the conventionally isolated chicken AFPs. (PPARγ, FABP4, LPL, FASN, ACC, in the co-cultured IMPs with MSCs were detected. The mRNA levels of PPARγ, FABP4, LPL, FASN, and ACC genes were significantly upregulated (P < 0.05 or P < 0.01) in the co-cultured IMPs with MSCs in the non-proliferative stage after co-culture for 4 d; however, relative to the mRNA levels in the single-cultured IMPs, the mRNA levels were downregulated (P < 0.05 or P < 0.01) in the co-cultured IMPs with MSCs in the proliferative stage. However, the mRNA levels of CPT-1B exerted the opposite pattern in the co-cultured IMPs than in the single-cultured IMPs (P < 0.01). Data are presented as mean ± SD, n = 3.
The differentiation capacity, accompanied by lipid deposition, is a key trait of preadipocytes. The proliferation and passage capacity of cells are also important to ensure the successful performance of an experiment. To investigate whether the obtained IMPs could meet the experimental requirements, the characteristics of the IMPs (including differentiation, proliferation and passage) were detected. As shown in the aforementioned results, the chicken IMPs had exhibited that the activities of differentiation, proliferation, and passage were similar to those of the chicken AFPs. Thus, the method for the isolation of chicken IMPs in this study was considered successful, and the applicability of the obtained IMPs was supported.
Numerous reports on animals showed that muscle and adipose tissues interacted through cytokines to maintain tissue proportion (Bonnet et al., 2010; Komolka et al., 2013; Li et al., 2014) . For in-depth research on the interaction between myocytes and adipocytes of chicken, the co-culture system of IMPs and MSCs was also established using a transwell chamber. Meanwhile, the regulation of MSCs on IMPs were focused to identify the effectiveness of the coculture system. After co-cultured with different treatments by controlling the density of MSCs, the results demonstrated that MSCs in the proliferation stage (20% confluence) would inhibit the differentiation of IMPs. However, MSCs in the non-proliferation stage (100% confluence) would positively accelerate the differentiation of IMPs. Genetically, the expression levels of genes PPARγ, FABP4, LPL, FASN and ACC, which would accelerate the lipid deposition (Blanchard et al., 2016; Chen et al., 2016; Luz et al., 2018) , had the same change with lipid content in IMPs. However, CPT-1B, which would inhibit the lipid deposition (Aguirre et al., 2017; Luz et al., 2018) , had the opposite change with lipid content in IMPs. These findings confirm that the co-culture system was effective and feasible.
On the contrary, the established method in this study could specific directionally perform the research on the interactions between myocytes and intramuscular adipocytes, but had a clear defect on the acquisition of high-purity IMPs. Compared with the traditional method by collagen digestion, an cycle of experiment by this method would take more time.
CONCLUSION
In summary, we successfully found a new method of obtaining high-purity chicken IMPs by the joint use of collagenase digestion and ceiling culture. In addition, an effective co-culture system of chicken IMPs and MSCs was also developed. Our findings are expected to provide an in-depth study on the regulation of chicken myocytes and intramuscular adipocytes.
